The delayed rectifier Kv2.1 underlies the I k, slow current in the rodent heart and is particularly interesting in that both its function and localization are regulated by many stimuli in neuronal systems. However, standard Immunolocalization approaches do not detect cardiac Kv2.1, therefore little is known regarding its localization in the heart. In the present study, we used recombinant adenovirus to determine the subcellular localization and lateral mobility of GFP-Kv2.1 and YFPKv1.4 in atrial and ventricular myocytes. In atrial myocytes, Kv2.1 formed large clusters on the cell surface similar to those observed in hippocampal neurons, whereas Kv1.4 was evenly distributed over both the peripheral sarcolemma and the transverse tubules. However, fluorescence recovery after photobleach (FRAP) experiments indicate that atrial Kv2.1 was immobile, while Kv1.4 was mobile (ዊ = 252 ± 42 s). In ventricular myocytes, Kv2.1 did not form clusters and was localized primarily in the transverse-axial tubules and sarcolemma. In contrast, Kv1.4 was found only in transverse tubules and sarcolemma. FRAP studies revealed that Kv2.1 has a higher mobility in ventricular myocytes (ዊ = 479 ± 178 s), although its mobility is slower than Kv1.4 (ዊ1 = 18.9 ± 2.3 s; ዊ2 = 305 ± 55 s). We also observed the movement of small, intracellular transport vesicles containing GFP-Kv2.1 within ventricular myocytes. These data are the first evidence of Kv2.1 localization in living myocytes and indicate that Kv2.1 may have distinct physiological roles in atrial and ventricular myocytes.
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Introduction
The cardiac action potential is a complex balance of the activity of a variety of ion channels. Among these, voltage-gated K + channels play a crucial role in cardiac repolarization. However, it is becoming increasingly clear that ion channel function is not the sole determinant of appropriate cellular excitability, but that channels must also be correctly localized. While the local distribution of ion channels can influence local membrane potential (19) , channels are also often associated with modulatory signal transduction pathways critical for proper regulation of channel activity. For example, mutations within KCNQ1 that cause
Long QT Syndrome disrupt the interaction of KCNQ1 with the AKAP yotiao, causing aberrant sympathetic regulation of the I ks current (27) . A form of Brugada syndrome is caused by a mutation in the cardiac Na v 1.5 channel that prevents its association with cardiac ankyrin-G, resulting in a failure of Na v 1.5 to localize to the cell surface of cardiomyocytes (32) .
Kv2.1 is a slow delayed rectifier K + channel that underlies the I k,slow2 current in rat cardiomyocytes (6, 10, 24, 26, 49, 50) . Targeted elimination of Kv2 channels in mouse ventricular myocytes leads to prolongation of the action potential duration and the QT interval (24, 49, 50) , demonstrating a role for this channel in repolarization and cardiac chronotropy. Although a role for Kv2.1 in human cardiac repolarization has yet to be confirmed, both Kv2.1 message (37) and Kv2.1 protein (48) have been detected in human atria and ventricles, suggesting the channel may have a similar role in human myocardium. In neurons, Kv2.1 has been shown to be sensitive to increased cellular activity (16, 4 29), intracellular Ca 2+ (28, 33) , O 2 and hypoxia (22, 28, 38) and muscarinic stimulation (31) . In response to these stimuli, the channel becomes dephosphorylated and undergoes a concomitant hyperpolarizing shift in the voltage-dependence of activation, thus dampening neuronal excitability, particularly during periods of hyperexcitability (30) . Kv2.1 also exhibits a high degree of localization: in hippocampal neurons, the channel is restricted to the somatodendritic region, where it forms large clusters on the cell surface (3, 35) .
In response to the aforementioned stimuli, Kv2.1 is dispersed from these clusters, becoming more evenly distributed over the cell surface (28, 29, 31) , supporting a close relationship between channel function and localization.
Our previous studies demonstrated that the confinement of Kv2.1 to these cluster domains is likely to be via retention behind an actin fence, as opposed to binding to cytoskeletal-linked scaffolding proteins (45) (35) . Single particle tracking of individual Kv2.1 channels on the cell surface revealed that within the cluster domain, the channel is freely mobile (45). Kv2.1 is the first reported example of an ion channel whose localization is determined by such a cytoskeletal corral.
While a considerable amount is known regarding the function of cardiac ion channels, including Kv2.1, surprisingly little is known about the subcellular localization of these channels in heart. In this study, we used recombinant adenovirus to express GFP-tagged Kv channels in isolated myocytes from both adult atria and ventricle to investigate the subcellular localization of the channels in these regions. This approach also allowed us to examine the dynamics of was distinct from that of Kv1.4, indicating that these two channels are handled in a subtype-specific fashion.
Methods
Construction of adenoviral vectors
YFP-Kv1.4myc was constructed as previously described (36). Adenovirus carrying YFP-Kv1.4myc (Ad-YFP-Kv1.4) was made by digesting pYFP-Kv1.4myc
with NheI and HincII. The YFP-Kv1.4 fragment was inserted into pShuttle-CMV transformed into the dam -strain E. coli SCS110 and digested with XbaI and 6
The GFP-Kv2.1 adenovirus was a generous gift from Dr. Jim Trimmer at the University of California at Davis (3).
Isolation and adenoviral infection of adult rat cardiomyocytes
All experiments were performed in accordance with the guidelines of the Colorado State University Animal Care and Use Committee.
Myocytes were isolated from the hearts of 6-12 week old male SpragueDawley rats. Rats were anesthetized using 60 mg/kg ketamine (Fort Dodge Animal Health, Fort Dodge, IA) and 10 mg/kg xylazine and the heart removed.
An aortic cannula was inserted and the heart mounted on a modified Langendorff apparatus for perfusion. The hearts were perfused with perfusion buffer 
where A i is the amplitude of each component, t is time and i is the time constant of recovery of each component. The mobile fraction (M f ) was calculated as:
where F is the fluorescence intensity at the end of the recovery period, F 0 is the fluorescence intensity immediately postbleach and F i is the initial fluorescence intensity prior to photobleach. Cumulative photobleach outside of the FRAP ROI during the course of the imaging was typically 10-15% of the initial prebleach intensity and was not corrected for.
Vesicle tracking was done by manually drawing an ROI around the vesicle in each time point, then using the Quantitation module of Volocity 4.1 9 (Improvision, Lexington MA) to track the points using the shortest path model, with a minimum distance between objects of 0.2 µm.
All off-line image analysis was performed using Olympus Fluoview Software (v1.6) and Volocity 4.1. Images were median filtered using a 3x3 filter and adjusted for brightness and contrast in Volocity. No other manipulation of the images was performed. All other data analysis was performed using SigmaPlot 8 (SPSS, Inc., Chicago IL).
Results and Discussion
Culture and infection of acutely dissociated cardiomyocytes
The standard approach for examining the subcellular localization of proteins is immunolabeling with specific antibodies. However, antibodies against Kv2.1 (which recognize an epitope in the C-terminus) that efficiently label the channel in neurons (35) do not recognize Kv2.1 in cardiac myocytes (data not shown). Kv2.1 is abundant in adult rodent atrial and ventricular myocytes (4, 10, 37) so the inability of antibodies to recognize the channel may point to a modification of the channel's C-terminus that is unique to the heart. Since cardiac myocytes are amenable to transduction by viral vectors, we turned to recombinant adenoviruses to express GFP-tagged Kv2.1 in adult myocytes, an approach that has been used previously to overexpress ion channel proteins and accessory proteins such as cardiac Ca 2+ channel subunits (43) and calmodulin
(1).
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Since it typically requires 24-48 h for robust protein expression following adenoviral infection, it was first necessary to ascertain whether we could isolate cardiac myocytes and maintain them in culture long enough for sufficient expression of the recombinant protein while maintaining the structural integrity of the elaborate membrane system found in ventricular myocytes. One of the consequences of culturing adult cardiomyocytes is the dedifferentiation of the cells and eventual loss of the transverse tubule (t-tubule) system (51) . Such a breakdown in the plasma membrane system would clearly be detrimental to our study and cast doubt upon our results. Figure 1 shows a rat ventricular myocyte maintained in culture for 48 h. To determine whether the t-tubule system was intact, we stained the plasma membrane with the lipophilic carbocyanine dye DiIC 18 (Molecular Probes), which efficiently labels plasma membrane structures.
As seen in Fig. 1 , diI labeled both the peripheral sarcolemma as well as the ttubules. Adult ventricular myocytes also have axial tubules that branch off the transverse tubules; these were also labeled by diI ( Figure 1B ), indicating that the complete t-tubule system in 48 h-old ventricular myocytes is still present.
Localization of Kv2.1 in atrial myocytes
Kv2.1 is highly expressed in the atria, where it underlies a significant component of the I k,slow and I ss currents (7); as such it is an important repolarizing channel in the atria. To examine the subcellular localization of Kv2.1, we infected acutely isolated adult rat atrial myocytes with Ad-GFP-Kv2.1. Although atrial myocytes are not as robust as ventricular myocytes, we were able to 11 maintain isolated atrial myocytes in culture for ~24 h, which was long enough for Ad-GFP-Kv2.1 expression while still maintaining contractility and the overall spindle-shaped morphology of atrial myocytes.
As shown in Figure 2A and We previously showed that even in HEK cells, different Kv channels exhibit isoform-specific surface localization (36). While Kv2.1 is clustered in HEK cells, the related channel Kv1.4, which underlies the I to,s current in the heart, is evenly distributed over the cell surface (36). Therefore, to determine whether the expression pattern of Kv2.1 observed in atrial myocytes is specific to Kv2.1, we 
Mobility of Kv2.1 in atrial myocytes
A significant advantage to the use of adenovirus to express fluorescent protein tagged channels in living myocytes is the ability to monitor the dynamics of protein localization in real time. In HEK cells and hippocampal neurons, Kv2.1-containing surface clusters are dynamic structures whose size and shape changes over short periods of time. These clusters are observed to move in the membrane at a rate of ~2 µm 
Dynamics of Kv2.1 within the cluster domain
We previously demonstrated that in both HEK cells and hippocampal neurons, Kv2.1 is highly mobile within the boundaries of the cluster (35, 45) .
Given the apparent similarity between atrial Kv2.1 clusters and neuronal clusters, we investigated the mobility of Kv2.1 using fluorescence recovery after photobleach (FRAP). As shown in Figure 4A , part of a GFP-Kv2. We previously demonstrated that in other cell types, cortical actin plays a major role in defining the cluster boundary and restricting the channel to these domains. However, our previous work suggests that within the cluster Kv2.1 is not tethered and is freely mobile. This does not appear to be the case in atrial myocytes based on the evidence presented here. First, Kv2.1 exhibits a high degree of organization as evidenced by the regular alignment of the Kv2.1 clusters along the long axis of the cell. These clusters are spaced ~ 2 µm apart 15 (see Figure 2 ), suggesting they may be interacting with proteins at or near the ttubules or z-line. In hippocampal neurons, Kv2.1 has been shown to colocalize with ryanodine receptors (RyRs) at the level of both light-and electron microscopy (3, 17) . Thus, there is the intriguing possibility that Kv2.1 and RyR2 may share a similar relationship in atrial myocytes. Second, although we do not exclude a role for cortical actin, particularly with respect to the maintenance of the cluster boundary, the immobility of Kv2.1 on the atrial surface membrane points to protein-protein interactions not present in other cell types.
Localization of Kv2.1 in ventricular myocytes
To determine the localization of Kv2.1 in ventricular myocytes, we again used Ad-GFP-Kv2.1 to infect dissociated adult rat ventricular myocytes. As mentioned previously, in almost every other cell type, Kv2.1 forms large surface clusters. Interestingly, these clusters are absent from Ad-GFP-Kv2.1 expressing ventricular myocytes ( Figure 5A ). Rather, the channel appears to be distributed over both the transverse ( Figure 5A , arrows) and axial ( Figure 5A , arrowheads) tubules (Supplemental movie 3). Interestingly, although the large clusters seen in hippocampal neurons are absent, Kv2.1 is not distributed evenly over the ttubules, but instead appears concentrated over smaller regions of the t-tubular membrane ( Figure 5A ). It is unlikely that this is due to a breakdown on the ttubular system, since diI efficiently labeled these membranes (figure 1). Several areas within the myocyte appear to be punctate ( Figure 5A , inset), however 3-D reconstruction of the myocyte (Supplemental Movie 3) suggests that these may 
Localization of Kv1.4 in ventricular myocytes
We again used Kv1.4 to determine whether the axial and transverse tubule localization of Kv2.1 was specific to this channel. As shown in Figure 5B particularly enriched at the intercalated disk (see Figure 5A ).
In all the cells we examined, there was a significant pool of channel (both 
Mobility of Kv2.1 in ventricular myocytes
Given the distinct subcellular localization of Kv2.1 in ventricular myocytes (i.e., the lack of large surface clusters), we were interested to see if there was also a change in channel mobility. As shown in Figure 6A , we drew an ROI 
Mobility of Kv1.4 in ventricular myocytes
In HEK cells, Kv1.4 is highly mobile and is diffusely localized over the cell surface. In a previous study Burke et al. (1999) (11) showed that coexpression of Kv1.4 with PSD-95 resulted in immobilization of the channel. In ventricular myocytes, Kv1.4 appears to be localized to the transverse tubules and the z-line.
Given the abundance of specialized scaffolding proteins and other cytoskeletal elements at this region (21) , in conjunction with a previous report that Kv1.4
binds -actinin, a key component of the cardiac z-line, it seemed likely that Kv1.4
at the t-tubule would exhibit a reduced mobility. However, as shown in Figure   6B , recovery of YFP fluorescence following photobleach was more rapid and Therefore, although Kv2.1 does not display the large clusters typical of neurons, it is nevertheless either tethered to cytoskeletal structures or part of a large macromolecular complex, either of which would be expected to lower its mobility.
Given the distinct pattern of localization for cardiac Kv2.1, the exact nature of this restriction is likely to be distinct from the mechanism underlying Kv2. vesicle is approximately 0.5 µm in diameter, nearly identical to these vesicles in other cell types.
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It should be noted that observation of these vesicles was a rare event,
with a vesicle detected only once during the imaging of any one myocyte, although we did observe them in 3 of 7 GFP-Kv2.1 expressing myocytes imaged, suggesting they may be a common mechanism for the intracellular trafficking of Kv2.1.
Conclusions
To our knowledge, this is the first study using adenoviral-mediated which underlies the rodent I k,slow2 current (6, 10, 24, 50) and may also contribute to the I ss current (6, 24, 49) is now also shown to be predominantly localized to the t-tubular domain. Interestingly, ~71% of the total I ss current and 27% of the delayed rectifier current in ventricular myocytes is distributed in the t-tubules as determined by formamide-induced detubulation (8, 25) , consistent with the localization we report here for Kv2.1. Red line is an exponential fit to the data. 
